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[1] Loss mechanisms responsible for the sudden depletions of the outer electron radiation
belt are examined based on observations and radial diffusion modeling, with L*-
derived boundary conditions. SAMPEX data for October–December 2003 indicate
that depletions often occur when the magnetopause is compressed and geomagnetic activity
is high, consistent with outward radial diffusion for L* > 4 driven by loss to the
magnetopause. Multichannel Highly Elliptical Orbit (HEO) satellite observations show
that depletions at higher L occur at energies as low as a few hundred keV,which excludes the
possibility of the electromagnetic ion cyclotron (EMIC) wave-driven pitch angle
scattering and loss to the atmosphere at L* > 4. We further examine the viability of the
outward radial diffusion loss by comparing CRRES observations with radial diffusion
model simulations. Model-data comparison shows that nonadiabatic flux dropouts near
geosynchronous orbit can be effectively propagated by the outward radial diffusion to L* = 4
and can account for the main phase depletions of outer radiation belt electron fluxes.
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1. Introduction

[2] Flux variations in the radiation belts can generally be
divided into two categories: adiabatic or reversible changes
and nonadiabatic or irreversible. Adiabatic changes in
electron fluxes occur when the magnetic field changes
slowly compared to the timescale associated with the par-
ticle adiabatic invariants [Roederer, 1970]. When the mag-
netic field decreases slowly due to an increase in the
storm-time ring current, electrons move out to conserve
the third invariant, and lose energy to conserve the first
adiabatic invariant. When either the gradient of the energy
spectrum or the radial gradient is steep, the radial dis-
placement of electrons will result in significant changes of
electron fluxes at a fixed radial distance and energy, as
observed by spacecraft [Li et al., 1997; Kim and Chan,
1997; Reeves et al., 1998].
[3] To explain the net effect of adiabatic variations, it is

instructive to consider two extreme cases in which particles
move outward due to decreases in magnetic field. If there is
no radial gradient in phase space density (PSD), but there is
a declining energy spectrum, the spacecraft will see fewer
particles at a fixed energy because they originate from an
initial (smaller) population at higher energies. On the other
hand, if the energy spectrum is flat but there is an inward

radial gradient (more PSD at lower L values), the spacecraft
will measure an increase in electron fluxes. The magnitude
of the adiabatic flux variations will depend on the steepness
of the energy spectrum, radial gradients, the magnitude of
the disturbance in the field, and the background magnetic
field. The strongest effect is usually at higher L shells
where the background magnetic field tends to be weaker
[Kim and Chan, 1997]. For many storms, fluxes do not
return to the original prestorm values, which indicates that
nonadiabatic losses occur during storms [McAdams and
Reeves, 2001; Onsager et al., 2002; Reeves et al., 2003;
Green et al., 2004]. The net effect of losses during storms
could be compensated by the various enhanced sources of
electrons [Reeves et al., 2003].
[4] Significant progress has been made in resent years in

quantifying nonadiabatic loss mechanisms in the radiation
belts. Losses inside the plasmasphere are predominantly due
to scattering by plasmaspheric hiss with loss timescales on
the order of 5 to 10 days [Lyons et al., 1972; Albert, 1994;
Abel and Thorne, 1998]. Meredith et al. [2004] also
demonstrated that the intensity of the hiss and consequently
the rate of pitch angle scattering are correlated with the level
of geomagnetic activity.
[5] From radial diffusion simulations, Shprits et al.

[2005] concluded that effective losses in the heart of the
radiation belts (where the outer radiation belt fluxes max-
imize) usually occur on the timescale of a day, which is
much shorter than timescales associated with plasmaspheric
hiss. Theoretical estimates of the scattering rates indicate
that losses due to chorus waves occur throughout the outer
radiation belt [Albert, 2005; Horne et al., 2005a; Thorne et
al., 2005b]. Combined SAMPEX and Polar observations
also show that microburst precipitation, which is thought to
be produced by bursty chorus waves [Lorentzen et al.,
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2001], can provide electron losses on the scale of a day
[O’Brien et al., 2004; Thorne et al., 2005b].
[6] EMIC waves could possibly provide fast localized

losses on the timescale of hours [Thorne and Kennel, 1971;
Albert, 2003; Summers and Thorne, 2003]. These waves are
preferentially excited in the high-density plasmasphere,
along the duskside plasmapause [Horne and Thorne, 1993;
Kozyra et al., 1997; Horne and Thorne, 1997; Jordanova
et al., 2001a, 2001b;Erlandson andUkhorskiy, 2001], during
enhanced convective injection of ring current ions. In the
vicinity of the plasmapause, the minimum electron energy for
resonance can drop to 500 keV [Meredith et al., 2003;
Summers and Thorne, 2003; Albert, 2003]. Resonant
relativistic electrons only briefly traverse the dusk side
region of intense EMIC waves, but may produce very rapid
precipitation events which are strongly localized in MLT.
Precipitation due to EMIC waves may be also related to the
bursts of hard X rays seen by balloon-borne instruments
[Lorentzen et al., 2000; Millan et al., 2002].
[7] Even though radial diffusion rates are strongest during

the main phase of the storm and are capable of effectively
transporting electrons to lower L shells and accelerating
them, electron fluxes are commonly observed to decrease
during the main phase of a storm [e.g., Nagai, 1988; Mathie
and Mann, 2000; O’Brien et al., 2001; Onsager et al.,
2002]. Desorgher et al. [2000] performed guiding center
and radial diffusion simulations of the 26 March 1995
storm. Their model results significantly underestimated the
observed fluxes at L > 5. The discrepancies between the
results and observations were attributed to a simplified
treatment of the magnetopause as a perfect absorber and
neglect of the pitch angle diffusion. Brautigam and Albert
[2000] and Miyoshi et al. [2003] performed radial diffusion
simulations of individual storms with variable outer bound-
ary conditions derived from geosynchronous satellite mea-
surements. The results of the simulations indicated that
outward radial diffusion may significantly contribute to
the variability of the radiation belt fluxes. However, both
of these case studies used geosynchronous measurements at
a fixed location in space which are highly affected by
adiabatic changes. Measurements at a fixed L may produce
up to 2 orders of magnitude underestimation of the L*-
derived fluxes [e.g., Desorgher et al., 2000]. Both of the
studies did not specify a loss mechanism at higher L shells
and did not consider the possibility of rapid losses to the
atmosphere, e.g., caused by EMIC waves.
[8] Green et al. [2004] concluded that intense losses

during the main phase of a storm cannot be produced by
magnetopause encounters alone, since losses extended
much further into the heart of the radiation belts than the
estimated stormtime magnetopause location. In this study
we attempt to verify whether negative gradients (@f/@L* < 0)
in phase space density, created by losses to the magneto-
pause, and consequent outward radial diffusion, are capable
of contributing to the main phase depletions of the radiation
belts, and thus produce the observed flux dropouts at lower
L values.
[9] In section 2 we present SAMPEX observations of a

70 day period in October, November, and December 2003.
We show that the flux dropouts are not adiabatic, and
usually occur when the plasmapause is compressed and
geomagnetic activity is high. To determine if the main

phase dropouts are a result of scattering by EMIC waves
or outward radial diffusion, we present multi energy
Highly Elliptical Orbit (HEO) observations in section 3.
To verify the feasibility and efficiency of the outward radial
diffusion loss, we present radial diffusion simulations with a
variable outer boundary (sections 4–6) and show how
electron flux variations near geosynchronous orbit affect
fluxes at lower L shells by means of outward or inward
radial diffusion.

2. SAMPEX Observations

[10] Figure 1 shows the evolution of 2–6 MeV electron
fluxes observed over 70 days by the Proton/Electron Tele-
scope instrument on SAMPEX starting on day of year
(DOY) 290, 2003 (17 October). The variability of the
electron fluxes and the formation of a new radiation belt
during these strong geomagnetic storms has been previously
reported and studied by [Baker et al., 2004; Horne et al.,
2005b; Thorne et al., 2005a; Shprits et al., 2006]. In this
study we concentrate on stormtime depletions of the radi-
ation belts during this time period. Part of the dropout in
fluxes may be associated with adiabatic changes. For most
of the storms shown on Figure 1, Dst recovers before the
fluxes return to prestorm values which indicates that non-
adiabatic losses occur during the main phases of the
storms.
[11] If inward radial diffusion was the only acceleration

mechanism, and it operated throughout the outer radiation
zone, increases in ULF wave activity and corresponding
increases in Kp should correspond to flux increases. In
contrast, Figure 1 shows that each of the depletions
(24, 29, and 31 October; 4 and 20 November; and 4 and
20 December, which correspond to DOY 297, 302, 304, 308,
324, 338, and 354), occurred when the Kp index suddenly
increased. Such catastrophic decreases in fluxes during
disturbed geomagnetic conditions could be explained either
by increased EMIC wave activity and pitch angle scattering
into a loss cone [Summers and Thorne, 2003; Albert, 2003],
or could be due to the outward radial diffusion driven by
losses to the magnetopause. As shown in Figure 1 (fourth
panel), the solar wind dynamic pressure (Dp) increases for
each of these events, causing a compression of magneto-
pause, and possible loss on the dayside. Figure 1 (fifth panel)
shows the magnetopause standoff distance, estimated using
the Shue et al. [1997] model, which moves inward in
response to the increases in the solar wind dynamic pressure.
Some of the magnetopause compressions, such as on
24 October (DOY 297) and 4 December (DOY 338), are
not associated with a significant drop in Dst but clearly
produce depletions in the outer radiation belt zone which
again indicates that losses associated with increases in Kp
and solar wind dynamic pressure are irreversible.

3. HEO Multichannel Observations

[12] Since EMIC waves only interact with electrons at
energies �0.5 MeV [Meredith et al., 2003; Summers and
Thorne, 2003], precipitation loss from EMIC scattering can
be separated from losses due to the outward radial diffusion
by comparing the evolution of fluxes at various energies.
Figure 2 shows Highly Elliptical Orbit (HEO) satellite
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observations in six energy channels ranging from E >
0.13 MeV to E > 3 MeV. The depletions of relativistic
electrons are seen simultaneously on the low orbiting
SAMPEX and the polar orbiting HEO spacecraft. The
comparison of SAMPEX and HEO observations suggest that
electron flux dropouts occur over a broad range of pitch
angles and at all local times. For the same events as described
in section 2, HEO observations show that all channels,
(including E > 0.13 and E > 0.23 MeV) are depleted down
to L = 4 during the main phases of the strong storms. For
most of the storms, Dst recovers before the full recovery of
fluxes, indicating that nonadiabatic loss occurs down to
energies of hundreds of keV. Such loss cannot be explained
by the EMIC wave scattering alone. However, EMIC waves
may contribute to depletions at lower L values.

4. Variable Outer Boundary Conditions

[13] In this section we describe the variable outer bound-
ary condition used for the simulations. Geosynchronous
fluxes are highly affected by adiabatic changes, producing
variations by as much as 3 orders of magnitude. These
adiabatic changes can be filtered out by evaluating the phase
space density as a function of the third adiabatic invariant
or, equivalently, the L* parameter [Roederer, 1970]. Once
phase space density is prescribed as a function of L*, all
remaining flux variations must be caused by nonadiabatic

loss or source processes. In the current study we evaluate
fluxes at L* = 6 to prescribe an outer boundary condition for
a radial diffusion model which accounts for the nonadia-
batic changes.
[14] Figure 3 (top) shows the Combined Release and

Radiation Effects Satellite (CRRES) measurements of
1.0 MeV electron fluxes at L* = 6, computed with T89
dynamic and OP77 static magnetic field models. Since data
at L* = 7 are sparse, following Brautigam and Albert
[2000], we use the normalized variation at L* = 6 and
apply it to the average fluxes at L* = 7 to produce the
variable boundary condition. Radial diffusion coefficients
are very high near geosynchronous orbit, which tends to
flatten phase space density [Shprits and Thorne, 2004].
Consequently, we can expect similar relative variation in
fluxes for high L* values. Figure 3 (bottom) shows the
evolution of the Kp index. Most of the strongest electron
flux depletions at L* = 6 are associated with a sudden
increase in Kp. CRRES measurements are confined to a
narrow band of nearly equatorial pitch angles and will be
used as a boundary condition for the radial diffusion model
which treats only 90� pitch angle particles.

5. Model Description

[15] Conservation of the first and second adiabatic invar-
iants results in acceleration of particles during the inward

Figure 1. (first panel) SAMPEX observations of 2–6 MeVelectron fluxes in log10(cm
�2 sr�1 s�1) from

17 October until 26 December 2003. (second panel) Evolution of the Dst index, (third panel) Kp, (fourth
panel) solar wind dynamic pressure inferred from ACE measurements in km2 s�1 cm�1, and (fifth panel)
estimated magnetopause location.

A11214 SHPRITS ET AL.: OUTWARD RADIAL DIFFUSION

3 of 7

A11214



transport and deceleration during the outward transport. The
direction of the net diffusive flux is opposite to the radial
gradient in phase space density. The net diffusive flux
depends on the diffusion coefficients and the gradient in
phase space density. If local acceleration is ignored, the
temporal evolution of phase space density can be obtained
from [Schulz and Lanzerotti, 1974]

@f

@t
¼ L2

@

@L
DLLL

�2 @f

@L

� �
� f

t
; ð1Þ

where t is the electron lifetime andDLL is the radial diffusion
coefficient. In this formulation the first two adiabatic
invariants m and J are held constant, and equation (1) can
be solved numerically for f (L, t). In the present study we
adopt an empirical relationship for the rate of radial diffusion
due to magnetic fluctuations [Brautigam and Albert, 2000],
which tends to dominate throughout the outer radiation
zone

DM
LL Kp;Lð Þ ¼ 10 0:506Kp�9:325ð ÞL10d�1; Kp ¼ 1 to 6: ð2Þ

Solutions of the time-dependent code, ignoring the effects
of local acceleration and only considering radial diffusion
with losses, are compared to CRRES Medium Electrons A
(MEA) electron spectrometer observations.

[16] The inner boundary for our simulation f (L = 1) = 0 is
taken to represent loss to the atmosphere. Following
[Shprits and Thorne, 2004], we model fluxes by an expo-
nential fit J = 8222.6* exp(�7.068K ) cm�2 sr�1 keV�1 s�1,
where K is kinetic energy in (MeV ). Variable outer boundary
conditions were described in section 4. For simplicity, we
first assume that the diffusion coefficients and lifetimes are
independent of energy and solve equation (1) for f (L, t),
normalized to unity at the outer boundary. This solution
will be the same for all m values. Consequently, to obtained
f (E, L), the normalized phase space density should be
multiplied by J(E*)/p*2, where E* and p* are the kinetic
energy and momentum of the particles adiabatically scaled
to the outer boundary and J is a differential flux at the outer
boundary. Shprits et al. [2005] showed that for simulations
with constant outer boundary conditions, parameterizations
of lifetime t = 3/Kp is optimum for reproducing observations.
Since maximum radial diffusion rates during storms occur
when the outer zone fluxes are most depleted, introduction
of the variable boundary results in a lower net diffusive
flux. For simulations with variable outer boundary,
lifetime parameterizations t = 5/Kp produced best agreement
with CRRES observations in terms of the location of the peak
of fluxes and the radial extent of fluxes. Furthermore,
since chorus scattering rates do not show significant

Figure 2. (first to sixth panels) Integrated electron flux measured on HEO for energies >3.0, 1.5, 0.63,
0.45, 0.23, and 0.13 MeV in log10(cm

�2 sr�1 s�1) and (seventh and eighth panels) Dst and the Kp index.
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L dependence [Thorne et al., 2005b], we adopt a lifetime
parameter independent of L.

6. Simulations With Variable and Constant Outer
Boundary

[17] To verify that outward radial diffusion, driven by
outer boundary variations around geosynchronous orbit (for
example, due to the losses at magnetopause), can produce
significant depletions in the heart of the radiation belts, we
conducted numerical simulations with both variable and
constant outer boundary conditions as described in section 4.
We choose a modeling period from 19 July 1990 (DOY 210)
until 6 November 1990 (DOY 310) and compare results of
the radial diffusion simulation to CRRES measurements at
1 MeV. During this time Kp was less than 6 for which
diffusion coefficients (2) are valid. Figure 4 (first panel)
shows radial diffusion simulations with constant outer
boundary conditions. Our radial diffusion model predicts
almost instantaneous increases in the 1 MeV fluxes during
the main phase of the storm when diffusion coefficients
maximize. In contrast, CRRES observations (Figure 4, sec-
ond panel) show depletions during the main phase of the
storms. Results of the simulations with variable outer
boundary (Figure 4, fourth panel) are in a better agreement
with observations at high L shells. Enhanced radial diffusion
down to L = 4 causes fluxes to respond rapidly to outer

boundary variations. We conclude that nonadiabatic flux
variations near the boundary of trapping (possibly due to
magnetopause losses) together with outward radial diffusion
are capable of explaining the main phase depletions in the
radiation belts down to L = 4. The differences between
model results and observations may be due to the neglect of
EMIC wave scattering which could provide additional
losses at lower L, and the neglect of the chorus wave
scattering which may locally accelerate electrons in the
region outside the plasmapause [Horne et al., 2005a].

7. Summary and Discussion

[18] The HEO, SAMPEX, and CRRES observations
presented above indicate that main phase depletions occur
when the magnetopause is compressed and Kp index (used
as a proxy of the ULF activity) is high. EMIC wave
scattering alone cannot explain radiation belt depletions at
higher L shells, which occur down to a few hundred keV,
below the EMIC minimum resonant energies. However,
EMIC scattering may contribute to loss at lower L shells.
Comparison between the radial diffusion simulations and
CRRES MEA observations indicate that radial diffusion is
fast and efficient enough to propagate outer boundary
variations down to L = 4–5 and thus may explain nonadi-
abatic dropouts during the storm-time conditions. Outward
radial diffusion may also be an important loss and source

Figure 3. (top) Daily averages of the 1 MeVelectron fluxes at L* = 6, measured on CRRES (cm�2 sr�1

s�1 keV). The L* parameter was derived using the T89 dynamic and OP77 static models. (bottom)
Evolution of the Kp index.
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process when the peak in the radiation belts is formed by
local acceleration [Green and Kivelson, 2004]. In this case,
radial diffusion works as a loss outside of the peak in phase
space density and will accelerate electrons inside of the
peak [Varotsou et al., 2005].
[19] The results of our simulations indicate that radial

diffusion can effectively redistribute outer radiation belt
fluxes and smooth PSD gradients, which are produced by
losses to magnetopause and convection of plasma sheet
electrons or by local acceleration and loss. Our results
clearly show that radial diffusion is very effective in trans-
porting relativistic electrons across the L shells but raise
serious questions on the effectiveness of inward radial
diffusion from the plasma sheet as the major source of
relativistic electrons. During some storms local acceleration
driven by chorus emissions can be more effective [Horne et
al., 2005b; Shprits et al., 2006] and can produce local peaks
in phase space density just outside the plasmapause. Elec-
trons are subsequently transported inward or outward by
radial diffusion. Future research should be directed at
quantifying the relative role of either diffusive radial trans-
port or local acceleration in causing stormtime variability in
the radiation belts.
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